Abstract. The process of particle emission in the pre-equilibrium stage has a very important contribution in this energy region and several approaches have been proposed to explain it. Their prediction power must be tested using comparison with the data for a variety of configurations. Calculations have been done using the exciton model and two main approaches proposed to improve its predictive power for complex particle emission. Data reported in this work allow the extension to higher energies of databases that are now limited to energies around 60 MeV. Together with other experimental results available in the literature they allow a more global view on the capabilities of each approach.
INTRODUCTION
An accelerator-driven system (ADS) consists of the coupling of a high-energy intense proton beam (~1 GeV) with a spallation target and a subcritical core. The proton beam that is incident on the ADS target will create a large amount of spallation products, mainly neutrons, protons and light charged particles with energies covering the full range up to the GeV region.
Although a large majority of the neutrons will be below 20 MeV, the relatively small fraction at higher energies still has to be characterized. Above 200 MeV, the already measured data have given enough constraints and the cross sections are predicted rather accurately by Intra Nuclear Cascade (INC) model [1, 2] . For energy lower than 20 MeV, nuclear data libraries are nearly complete and have been extensively used for nuclear plant design and control under the IAEA direction.
In between (20-200 MeV), the situation is clearly the most unsatisfactory on the experimental and theoretical point of view. Very little high-quality data exist in this energy domain in particular above 60 MeV. The introduction of the so-called pre-equilibrium process in order to explain the smooth dependence of particle emission probability with angle and energy was the first major step in the evolution of nuclear reaction models in this energy range. During the last 40 years several approaches giving a theoretical description of the pre-equilibrium process have been proposed. While most of them have shown from the beginning a good predictive power for energy distributions of nucleons in nucleon-nucleus reactions over a wide body of experimental results, for complex particles however great difficulties have been encountered when trying to reproduce experimental distributions, since the production rate for these particles was systematically underestimated.
A good example in that sense is the Griffin (or exciton) model originally introduce in 1966 [3] . Along the way, much physics has been added and important modifications have been made to this model in order to get a reasonable theoretical description especially for complex particle emission. The introduction of cluster formation probability during the nucleon-nucleon interaction inside the nucleus in the pre-equilibrium phase proposed in 1973 [4] and the completely different approach formulated by Kalbach in 1977 [5] considering the contribution of direct pick-up and knockout mechanism in the outgoing spectra of complex particle are the two most important approaches and were developed in order to get a satisfactory agreement with the experimental results [5, 6] .
Using a new set of data recorded in the framework of the HINDAS program [7] , we have tested the exciton model that is implemented in the GNASH code [8] and its improved version following the two approaches described above. In section I typical experimental results obtained within HINDAS are presented.
Comparisons with the several theoretical approaches all based on the exciton model are shown in section II. Competition between pre-equilibrium emission and equilibrium emission is studied in section III. The conclusions of this work are given in the last section.
I. EXPERIMENTAL RESULTS
In the framework of the HINDAS program using several facilities available along Europe, we have performed a "complete" set of experiments in order to measure Double Differential Cross-Sections (DDCS) for neutrons and/or light charged particles (up to A=4) emitted in neutron or proton-induced reaction on iron, lead and uranium at intermediate energy. Full lists of the available results are presented in Table 1 below. As an illustration, some results obtained 96 MeV neutrons on iron, lead and uranium are presented in Fig. 1 . More details can be found in the following references [9, 10] . For a detail comparison with theoretical models, energy distributions are needed. They are derived from DDCS using the Kalbach systematic [11] . Results for the 96 MeV neutron-induced reaction on iron, lead and uranium are presented in Fig. 2 .
One can see that for the heaviest target the distributions are quite similar in shape, small differences can be found in amplitude with an increase emission probability over all emitted particles for the uranium target. The main difference is found at low energy (below 20 MeV) where an isotropic component is dominant for the iron target. These low-energy particles are emitted mainly following the evaporation process of excited nuclei; for the lead and the uranium targets, this emission is strongly inhibited by Coulombian effects.
Integral yield can be extracted from energy distributions for each type of particle. Cross-sections in mb are listed for 96 MeV neutron-induced reactions on iron, lead and uranium in Table 2 . One of the main information that can be extracted from those values is the contribution of complex particles over light charged particles. This contribution correspond at least to 30% whatever the target is and underline the need for theoretical approaches to be able to reproduce this contribution. 
II. COMPARISON WITH THEORETICAL PREDICTIONS
The exciton model [3] is one of the most common models used in calculation of the pre-equilibrium emission in nucleon-induced reactions at intermediate energy. In this approach, it is assumed that the excitation process takes place by successive nucleonnucleon interactions inside the nucleus. Each interaction produces another exciton leading the system to the final state of statistical equilibrium through more complex states. Occasionally a particle can receive enough energy to leave the system and then be emitted. The pre-equilibrium spectrum is the sum of contribution from each state, particles emitted in the earlier stages having more energy than those emitted in the later stages. Only energy distributions of emitted particle can be calculated in the framework of this model. The GNASH code [8] used the exciton model to calculate the pre-equilibrium component while the equilibrium contribution is calculated using the Hauser-Feshbach formalism [12] . Cross-sections evaluated using GNASH are implemented in MCNPX, a largely used code in specific applications. The results obtained for neutron-induced reactions at 96 MeV on lead are compared to our data in Fig. 2 . While the proton emission is relatively well described, the production of complex particles is strongly underestimated in the GNASH calculations. This suggests the need of significant improvements in the exciton model in order to increase its prediction level in the case of cluster emission.
The first improvement was proposed by Ribansky and Oblozinsky [4] in 1973 by introducing in the particle production rate expression a multiplicative term containing the cluster formation probability. The physical background of this parameter has been given in [13] in the framework of the coalescence model. The cluster formation probability is a free parameter of the model and is calculated by adjusting energy differential distributions to experimental data. This approach is available to the community via the PREEQ program [14] and the latest version of the code GEANT, which is intensively used in simulations [15] .
The first step in our analysis was the calculation of the free parameter using data recorded at 96 MeV neutron-induced reactions on iron and lead. The cluster formation probability has been determined by normalizing the calculated energy distributions for complex particles to the experimental data. The results are presented in Fig. 3 for the Fe(n,X) and Pb(n,X) reactions at 96 MeV incident energy. The shape of calculated distributions in the pre-equilibrium region is in good agreement with the experimental results. The amplitudes of the distributions in the case of protons are very well described by the model. However, no conclusion can be retained for the moment concerning the amplitude of calculated distributions for complex amplitude of calculated distributions for complex particles since they were obtained by adjusting the cluster formation probability.
FIGURE 3. Energy distribution for light charged particles emitted in 96 MeV neutron-induced reactions on iron (top pictures) and lead (bottom pictures). PREEQ code (curve) and Experimental results (dot).
Therefore, the second step of our analysis was to check the stability of this free parameter while changing the incident energy and/or the projectile. Calculations have been redone for the reactions Bi(p,X) at 39 MeV and Pb(p,X) at 63 MeV incident energies using the same values for cluster formation probability. The calculations results are compared to data from [10] and [16] in Fig. 4 . Again a good agreement is found between calculations and experimental results in the pre-equilibrium region (the contribution of direct reactions is not calculated by the model and is supposed to be dominant for high emission energies). The good reproduction of the amplitude of experimental distributions demonstrates a good predictive power of the model.
A completely different approach has been proposed in 1979 by C. Kalbach [5] . It is based on the fact that direct reactions are no taking into account in the exciton model. Therefore their contribution must be calculated and then added to the pre-equilibrium contribution calculated with the original exciton model. The code PRECO-2000 [17] calculates nucleon and complex particles pre-equilibrium spectra in nucleoninduced reactions using this approach and is open to the community via Data Bank Computer Program Services of NEA. The same approach has been recently implemented in the TALYS code [18] , which is still under development and should be soon available to the community. The disagreement with the experimental distributions is rather strong for both reactions. In the case of the iron target non-equilibrium complex particle emission is overestimated while in the case of the lead target, its production is underestimated. Even if not so strong as in the case of complex particles, a disagreement is found however also for proton emission. Better agreement can be found when changing the incident energy and/or the projectile as it can be seen in Fig. 6 . This shows that model predictions strongly depend on incident energy and the projectile type that is of course a shortcoming of the model. Same conclusions are obtained with the TALYS code.
III. COMPETITION BETWEEN PRE-EQUILIBRIUM EMISSION AND EQUILIBRIUM EMISSION
The calculations performed using the code PREEQ have shown that this approach allows a better description of particle emission in the pre-equilibrium stage. For this reason the results obtained using this model will be used in the further discussions. The experimental results presented in Fig. 1 suggest that for heavier target nuclei almost all particles are emitted during the pre-equilibrium stage of the reaction while for light target nuclei the low energy component in the experimental distributions suggests that the particle emission at equilibrium is important in this case. This equilibrium contribution is calculated separately assuming that it results from two sources; the first one is the so-called "pure evaporation" and concerns the evaporation of the compound nucleus arrived at the statistical equilibrium; the second one is the evaporation of residual nuclei resulting after preequilibrium emission.
The fraction of pre-equilibrium emission considering n, p, d, t, He3 and alpha particles is determined using the pre-equilibrium spectra calculated with the PREEQ code. The result for Fe(n,X) reaction at 96 MeV is found to be 0.993 and is in agreement with other results obtained for the same reaction at lower incident energy. This means that the evaporation of the compound nucleus gives a very small component since its contributions is inferior to 1%. Again using PREEQ in order to determine the excitation energy of the residual nucleus resulting after pre-equilibrium emission and its formation probability, we were then able to calculate the evaporation spectra associated to the two sources using the Hauser-Feshbach formalism. The results obtained for the Fe(n,X) reaction at 96 MeV are given in Fig. 7 together with the pre-equilibrium component calculated in section II. The total particle emission spectrum given by the sum of the pre-equilibrium emission and equilibrium emission is also presented in the figure. The agreement found over the full energy range is relatively good except for alpha particles in the energy region around 20 MeV where the calculated distributions are below the experimental results. The same effect has been found for Pb(n,xHe4) reaction at 96 MeV, showing that pre-equilibrium contribution is underestimated in this energy region for all targets. Another way to study the competition between preequilibrium emission and equilibrium emission is to use the Kalbach parameterization [11] to calculate the fraction f PE of the pre-equilibrium emission. In this parameterization, double differential distributions are derived from energy distributions. In Fig. 8 are presented the results obtained for proton emission in 96 MeV neutron-induced reactions on iron and lead for three energy domains selected from the emission spectra. A general agreement is found when comparing calculation results with the experimental distributions. These calculations allow a better identification of different mechanisms that low energies, both evaporation and pre-equilibrium particles are emitted, their contribution depending on the target nucleus. The evaporation process is dominant for light targets (1-f PE =0.88 and a quasi-isotropic distribution in the case of iron) while for the heavier target even low energy particles are emitted in the pre-equilibrium stage (f PE =0.80 and a slightly forward peaked distribution). The emission of energetic particles occurs before equilibrium (f PE =1). Similar agreement was also found for complex particle emission, showing that this parameterization is able to give a proper description of double differential distributions. 
CONCLUSIONS
The extension to higher energies of the available results on nucleon-induced reactions in the 20-200 MeV range in the framework of the European Collaboration HINDAS together with the data already existing in the literature at lower energies allowed a detailed study of the predictive power of the exciton model and its improved version for the description of nucleons and complex particles emission. While all approaches are in a reasonable good agreement with experimental results for nucleon emission, only the PREEQ code was able to reproduce complex particle emission that represents at least 30% of the total crosssection for light charge particle emission. At intermediate energy and for all targets, the pre-equilibrium emission is the dominant process. Equilibrium emission comes mainly from the decay of residual nuclei obtained after pre-equilibrium emission. The Kalbach parameterization proposed by C. Kalbach for double differential distributions is still valid. This underlines the need for theoretical models to provide at least a good description of the energy-differential cross section.
